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SUBTASK 1.8 - INVESTIGATION OF IMPROVED CONDUCTIVITY AND
PROPPANT APPLICATIONS IN THE BAKKEN FORMATION

ABSTRACT

Given the importance of hydraulic fracturing and proppant performance for development
of the Bakken and Three Forks Formations within the Williston Basin, a study was conducted to
evaluate the key factors that may result in conductivity loss within the reservoirs. Various
proppants and reservoir rock cores were exposed to several different fracturing and formation
fluids at reservoir conditions. The hardness of the rock cores and the strength of the proppants
were evaluated prior to and following fluid exposure. In addition, the conductivity of various
proppants, as well as formation embedment and spalling, was evaluated at reservoir temperatures
and pressures using actual reservoir rock cores. The results of this work suggest that certain
fluids may affect both rock and proppant strength, and therefore, fluid exposure needs to be
considered in the field. In addition, conductivity decreases within the Bakken Formation appear
to be a function of a variety of factors, including proppant and rock strength, as well as formation
embedment and spalling. The results of this study highlight the need for advanced conductivity
testing, coupled with quantification of formation embedment and spalling. Given the importance
of proppant performance on conductivity loss and, ultimately, oil recovery, better understanding
the effects of these various factors on proppant and rock strength in the field is vital for more
efficient production within unconventional oil and gas reservoirs.

This subtask was funded through the Energy & Environmental Research Center-U.S.
Department of Energy Joint Program on Research and Development for Fossil Energy-Related
Resources Cooperative Agreement No. DE-FC26-08NT43291. Nonfederal support for this
project was provided by the North Dakota Industrial Commission Qil and Gas Research Council
and proppant manufacturer CARBO Ceramics. The North Dakota Geological Survey also
supported this project by supplying the rock core used for testing.
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SUBTASK 1.8 - INVESTIGATION OF IMPROVED CONDUCTIVITY AND PROPPANT
APPLICATIONS IN THE BAKKEN FORMATION

EXECUTIVE SUMMARY

The Bakken Formation in North Dakota is a significant portion of the largest contiguous oil
reserve ever discovered in the lower 48 states. The U.S. Geological Survey’s original study of the
Bakken Formation found 4.3 billion barrels of recoverable oil in the Montana and North Dakota
portion of the Williston Basin. According to federal testimony provided by the director of the North
Dakota Department of Mineral Resources, “Hydraulic fracturing is a critical component of
developing the Bakken Formation, indeed every shale play throughout the U.S. and Canada.
Without hydraulic fracturing, under regulation of the states, this resource could not be produced.”
Hydraulic fracturing is the process of improving the ability of oil to flow through a rock formation
by creating fractures. The process involves pumping into the fractures a mixture of water and
additives that include various sizes of sand or ceramic particles called proppants that are designed to
“prop” the fractures open, creating greater conductivity of fluids to the wellbore. However, within
the Bakken Formation, field data suggest that operators are unable to sustain propped fractures
spatially or temporally (Taylor, 2010, SPE Workshop August 5, 2010; Vincent, 2011, SPE 146376),
resulting in decreased oil production. This research sought an improved understanding of proppant
performance and the factors that contribute to hydraulic fracture conductivity loss in the Bakken
Formation. As such, the key goals of this research included the evaluation of formation integrity
relative to exposure to various fracturing and reservoir fluids and the evaluation of proppant
performance following exposure to fracturing and formation fluids at reservoir conditions.

Laboratory tests were conducted to evaluate the sensitivity of Bakken and Three Forks
Formation cores to various fluids; evaluate the strength of Ottawa sand, an unspecified premium
precured resin-coated sand (RCS), and ECONOPROP® lightweight ceramic proppant to various
fluids; and measure the relative laboratory conductivity performance of propped fractures using
actual rock core. Fluids used in experiments to examine potential strength degradation for both rock
and proppant included the following: slickwater — freshwater + polyacrylamide friction reducer;
alkali borate cross-linked water-based gel; gelled diesel; Bakken Formation crude; and Bakken
Formation brine.

The fluid exposure tests were conducted by immersing the rock and proppant samples in each
of the above fluids within 250-mL glass sample containers. The containers were inserted into closed
reactors and maintained at 250°F and 3000 psi for 30 days. Following exposure, tests were
completed to examine rock and proppant strength relative to fluid exposure. The exposure studies
helped to isolate circumstances that may contribute to a decrease in material strength over time.

Brinell hardness testing of formation core samples after exposure to fluids revealed that
slickwater consistently decreased the hardness of the formation face for Middle Bakken Formation,
Lower Bakken shale, and Three Forks Formation samples. The Middle Bakken samples appeared
more susceptible to strength loss when exposed to fluids than the other formation samples did.
Rocks exposed to gelled diesel experienced very little change in rock hardness.

Proppants exposed to Bakken Formation water (brine) consistently experienced the greatest
increase in strain relative to proppants that were not exposed. The strength of RCS appeared to be
detrimentally affected by all fluids and/or the high temperature and pressure conditions of the
reactor as compared to sand and ceramic. Fluids that had the greatest effect on RCS included cross-

\



linked gel and Bakken oil and brine. Crush test results were consistent with elastic strength results
of the various proppants and fluids, noting that resin-coated proppants do not normally produce a
large quantity of crushed particles.

The results of this work demonstrated that the ceramic proppant was relatively unreactive and
exhibited superior strength characteristics compared to the other proppant types following fluid
exposures. RCS proppants are normally chosen to help prevent proppant flowback. However, these
experiments suggest that fluid reactions and/or elevated temperatures and pressures with resin
change the stress—strain relationship for RCS and that fluid considerations are important relative to
the chosen resin.

The results of the conductivity testing demonstrated that at effective stress ranges from
6500 to 8000 psi, the ceramic proppant exhibited much higher conductivity than Ottawa sand (as
much as 5 times greater) and moderately higher conductivity than the RCS (as much as 2.3 times
greater). However, this was using a solution of 2 wt% KCI. Given that the fluid exposure tests
suggest that the strength of the RCS may be affected by reservoir conditions and fluid exposure, and
that slickwater and cross-linked gels have the potential to affect rock strength, advanced
conductivity testing using the various fluids would be more representative of actual reservoir
conditions.

Postmortem analysis of the rock slabs used for the conductivity testing enabled an evaluation
of the mechanisms that may contribute to reduced conductivity, such as embedment or proppant
crush. A Nanovea optical profiler was used to conduct a qualitative evaluation of embedment within
the rock slabs. The results showed that between the different rock types, the Lower Bakken
displayed the highest degree of embedment and spalling, followed by the Middle Bakken. The
Three Forks slabs showed significantly less embedment than the Bakken rocks. Few patterns were
apparent between proppant types, except that within the Lower and Middle Bakken, there appears to
be a greater degree of ceramic proppant embedment than with the other two proppant types. This is
likely because of the higher strength of the ceramic proppant. Within the Bakken rock samples, the
top slab of each pair showed deeper and wider embedment craters than did the bottom slab. This
likely indicates an even distribution of proppants within the simulated fracture.

Overall, the results of this study indicated that fluid exposure may affect both rock and
proppant strength and should be considered in the field. In addition, conductivity decreases within
the Lower and Middle Bakken appear to be a function of a variety of factors, including proppant
and rock strength, as well as formation embedment and spalling. Formation embedment and
spalling appear to be less significant within the Three Forks Formation. Ultimately, the results of
this study highlight the need for conductivity testing using actual formation and/or fracturing fluids,
coupled with quantification of formation embedment and spalling. Given the importance of
proppant performance on conductivity loss and, ultimately, oil recovery, better understanding the
effects of these various factors on proppant and rock strength in the field is vital for more efficient
production within unconventional oil and gas reservoirs.

This subtask was funded through the Energy & Environmental Research Center-U.S.
Department of Energy Joint Program on Research and Development for Fossil Energy-Related
Resources Cooperative Agreement No. DE-FC26-08NT43291. Nonfederal support for this project
was provided by the North Dakota Industrial Commission Oil and Gas Research Council and
proppant manufacturer CARBO Ceramics. The North Dakota Geological Survey also supported this
project by supplying rock core used for testing.
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SUBTASK 1.8 - INVESTIGATION OF IMPROVED CONDUCTIVITY AND
PROPPANT APPLICATIONS IN THE BAKKEN FORMATION

INTRODUCTION

The Bakken Formation in North Dakota is a significant portion of the largest contiguous
oil reserve ever discovered in the lower 48 states (Donovan, 2010). The U.S. Geological
Survey’s (USGS’s) original study of the Bakken Formation found 4.3 billion barrels of
recoverable oil in the Montana and North Dakota portions of the Williston Basin. According to
federal testimony provided by the director of the North Dakota Department of Mineral Resources
(Helms, 2009), “Hydraulic fracturing is a critical component of developing the Bakken
Formation, indeed every shale play throughout the U.S. and Canada. Without hydraulic
fracturing under regulation of the states, this resource could not be produced.” Hydraulic
fracturing is the process of improving the ability of oil to flow through a rock formation by
creating fractures. The process involves pumping a mixture of water and additives that include
various sizes of sand or ceramic particles called proppants that are designed to “prop” the
fractures open, creating greater conductivity of fluids to the wellbore. This research seeks an
improved understanding of proppant performance in the Bakken Formation. Although it has been
documented that propped fractures can be created to breach the lower Bakken shale, field
evidence to date suggests that operators are typically unable to sustain a hydraulic connection
through this barrier (Taylor, 2010). At the current time, this challenge requires operators to drill
redundant wells completed in each of the Middle Bakken and Three Forks Reservoirs. Similarly,
Bakken operators have fractured into offset wells that are spaced more than 2000 feet away
(Vincent, 2011), demonstrating that very long propped fractures can be created. However, these
fractures also lose hydraulic continuity over time. Although many factors contribute to
conductivity loss, this research is targeted to identify what parameters are responsible for the
collapse of propped fractures and the resulting loss of conductivity, namely:

e The evaluation of formation integrity relative to exposure to various fracturing fluids
and native fluids.

e The evaluation of proppant performance under reservoir conditions and exposure to
fracturing and formation fluids.

There is a need to examine proppant performance in the laboratory to ascertain the relative
effects on conductivity of fluids in the reservoir. The choice between ceramic, sand, and blends
of the two has an influence on economic performance. Prices of ceramic proppant and fracture
sand in 2009 ranged from $0.40 to $0.50/Ib and $0.08 to $0.10/Ib, respectively (Roberts, 2009).
Treatments in the Bakken Formation are using upward of 2 million Ib of proppant (Sorensen and
others, 2010) in 10,000-ft horizontal completions. Proppant quantity per well is expected to
increase as some operators are having success with increasing the number of fracture stages from
10 to near 40 in a 10,000-ft lateral (Rankin and others, 2010). The cost differential between
choosing ceramic over sand can be greater than $1 million a well. In addition, competition for
proppant can limit the ability to obtain higher-performing ceramics. This has led to strategies in
the Bakken Formation that include using large amounts of fracture sand followed by ceramic



proppant (Continental Resources, 2009; Newfield Exploration, 2010), which enables operators to
obtain the strength and longevity benefits of ceramics near the wellbore while supporting the
majority of the fracture farthest away from the wellbore with low-cost proppant and, hopefully,
limiting flow back while maintaining conductivity. This research is intended to improve the
understanding of proppants and formation rocks relative to fluids which may reveal alternative
strategies for proppant applications.

GOALS AND OBJECTIVES

The goal of the project is to improve the lateral and vertical drainage of hydrocarbons from
the Three Forks and Bakken Formations by identifying the factors that lead to the collapse of
propped fractures. Field evidence suggests that fractures created to breach the lower Bakken
shale from Middle Bakken and Three Forks horizontal completions typically are unable to
sustain a hydraulic connection through this barrier. Even though many factors contribute to the
collapse, the objective of this project focuses on laboratory testing to ascertain potential collapse
of the formation face or collapse of proppant. Research is targeted to determine if conductivity
can be remedied with a more appropriate selection of fluid types, proppant types, or proppant
concentrations/fracture widths.

METHODOLOGY

Laboratory methods were devised to evaluate the sensitivity of Bakken and Three Forks
core to various fluids, evaluate the strength of Ottawa sand, premium precured resin-coated sand
(RCS), and light-weight ceramic proppants to various fluids, and measure the relative laboratory
conductivity performance of propped fractures using actual core. Fluids used in experiments to
examine potential strength degradation for both rock and proppant included the following:

e Slickwater — freshwater + polyacrylamide friction reducer
e Alkali borate cross-linked water-based gels

e Gelled diesel

e Bakken Formation crude

e Bakken Formation brine

The fluids above were selected based on the most common fluids expected to be
encountered in the Bakken Formation. The most popular hydraulic fracture treatments in the
Bakken Formation include water-based fluids. Treatments may be as basic as pumping a mix of
water and sand, normally termed slickwater; a polyacrylamide-based friction reducer is
commonly added in these types of treatments. More advanced treatments use chemicals to gel
the water to increase viscosity and greatly improve the proppant transport and placement
capability of the fluid. A common viscosifier is guar gum and is used to produce a “linear gel.”
The chemical properties of guar gum allow for the material to be cross-linked with alkali borate.
Cross-linking a linear gel further increases the viscosity of the gel to a mucouslike substance
which has superior proppant transport properties.



For a period of time, it was common for operators to consider the use of hydrocarbon-
based fracturing fluids for formations that may be sensitive to freshwater fluids. Freshwater, for
example, can cause clays within the formation to swell, or minerals to precipitate, and reduce the
ability to mobilize oil to the wellbore. Now most operators use potassium chloride or clay
stabilizers in water-sensitive formations (Mike Vincent, personal communication, July 2012).
Although freshwater fluids are used extensively in the Bakken Formation, operators have
experimented with gelled-diesel fluids, but generally found inferior productivity (Mike Vincent,
personal communication, July 2012).

The completion of a hydraulic fracture treatment concludes with flowing the fracture fluid
back to the surface. During this time period, fluids used to stimulate the well return to the surface
and are followed by formation fluids, which include oil, gas, and water. It is at this point that
proppant is exposed to formation fluids, which include crude oil and formation water. Hydrogen
sulfide is generally not present in the Bakken Formation, and carbon dioxide concentrations are
typically low. Water associated with the formation, however, has a very high salinity of over
250,000 mg/L of sodium chloride which has potential for chemical interaction.

Experimental methodology included the exposure of formation core samples and proppant
to the fluids listed above to ascertain the potential for loss of material strength. Brinell hardness
testing was completed in Activity 2 and was used to index rock strength and measure hardness
before and after exposure to fluids. Proppant strength relative to fluid exposure was evaluated in
Activity 3, and conductivity tests using actual core were conducted in Activity 4. Discussion of
these work activities follows.

Activity 1 — Obtain Core Samples

Support from the North Dakota Geological Survey (NDGS) was provided to obtain core
for the project. Middle Bakken Formation, Lower Bakken shale, and Three Forks Formation
samples were selected from North Dakota Industrial Commission (NDIC) Well #16771 (NDIC
#16771) in Mountrail County. Samples obtained from the core included 1-in. x 2-in. x 1-in.
cubes, 1.185-in.-diameter x 4-in.-long plugs, and 7-in. x 1.5-in. x 0.375-in. slabs. Figure 1
contains photos of the cutting tool and examples of plugs, cubes, and slabs. The cubes were used
to examine strength measured by a Brinell hardness index test. The plugs were cut in half
lengthwise and used in a modified conductivity apparatus to examine conductivity of a propped
fracture between a halved formation plug mirrored with a mating steel plug. Slabs were prepared
to geometrical specifications in accordance with 1SO (International Organization for
Standardization) Formation Samples 13503-5 “Procedures for Measuring the Long-Term
Conductivity of Proppants.”

Activity 2 — Embedment and Penetration Testing

Brinell hardness index testing includes the penetration of a metal ball into formation rock.
This type of index testing was used to gauge the relative strength of Bakken and Three Forks
samples before and after exposure to various fluids. Middle Bakken Formation, Lower Bakken
shale, and Three Forks Formation samples (Figure 2) were indexed as received. Samples were



Figure 1. Water jet cutting technique (upper left) used to produce plugs (upper right, example
from Middle Bakken Formation), rectangular cubes (lower left, example from Lower Bakken

shale), and slabs (lower right, example from Three Forks Formation).

exposed to the fluids (Figure 3) by immersing rock samples in 250-mL jars containing the fluid,
which were inserted into reactors maintained at 250°F and 3000 psi for 30 days. The fluids
included:

Slickwater — mixture of polyacrylamide and freshwater.

Cross-linked gel — guar polymer thickening agent, borate cross-linker, and freshwater.
Gelled diesel — diesel fuel and phosphate ester.

Bakken Formation crude — crude oil.

Bakken Formation brine — highly concentrated saltwater.



Figure 2. Middle Bakken Formation (left), Lower Bakken shale (middle), and Three Forks
Formation (right) samples.

Figure 3. Fluids (from left to right): slickwater, cross-linked gel, gelled diesel, Bakken crude, and
Bakken Formation water (brine).



Index testing was conducted on each individual sample in both saturated and dry
conditions to ascertain potential differences in hardness due to rock saturation. Samples that were
not exposed to fluids were indexed on one side as received (dry) and subsequently saturated with
water and indexed on the opposite side. Samples that were exposed to fluids were indexed in the
same manner, although received wet and subsequently dried. Rock samples were encased in
epoxy and steel to prevent premature fracturing during hardness testing. Figure 4 shows the test
equipment and a prepared sample specimen.

The use of a handheld penetrometer to indicate rock strength from embedment and
penetration was initially anticipated. Although adequate for relativistic measurement, hand
operation of the penetrometer had the potential to yield inconsistencies. Therefore, other index
methods were further investigated, including Brinell hardness, Rockwell hardness,
microindentation, and Schmidt hammer. Primary consideration included standardization and the
ability to control conditions. The Brinell hardness method was selected over other methods for
the following reasons:

e Brinell hardness is commonly used by geomechanical laboratories and referenced by
popular textbooks as a proxy to dynamic elastic modulus and yield strength for various
rocks. Geertsma (1985) provides the following correlations:

— For dynamic Young’s modulus: Edyn = 77.25 NBr (Brinell hardness number)
— For yield strength: NBr ~ oyield

e Brinell hardness data are currently available for the Bakken Formation from various
well files and can be compared to the laboratory results.

e NBr follows from the ratio of applied load F on a spherical indenter to the indentation
depth D, where NBr = F/2arD =~ F/nr? (Fjaer and others, 2008). Although Brinell and
Rockwell hardness tests are similar, the Brinell test uses a larger-diameter sphere,
which is better suited for larger-grain material such as rocks versus metals in which the
hardness tests originated.

Figure 4. Brinell hardness test equipment and prepared sample specimen.



Activity 3 — Proppant Degradation Studies

Activity 3 concentrated on the relationship between proppant pack strength and elastic
parameters before and after exposure to hydraulic fracturing fluids at reservoir conditions. The
fluids utilized in this activity were the same fluids used in Activity 2 (Figure 5). The three
proppant types tested were a 20/40 Ottawa sand, a 20/40 premium precured RCS, and a 20/40
CARBO ECONOPROP® lightweight ceramic proppant. It should be noted that the RCS provided
to the EERC was unspecified; however, it was not a CARBO product. Each proppant type was
tested in an as-received state as well as after exposure to fluids for 30 days in high-
pressure/temperature (~250°F and ~3000 psi) reactor vessels. Proppant packs were tested by one-
dimensional consolidation using a Forney universal compression machine and a consolidation
ring with hardened stainless steel platen (Figure 6). Measurements of stress (via load cell) and
strain (by digital displacement indicator) were collected continuously throughout each test. The
approach was based on previous work by Ferris (2000) in which a new method was developed to
capture the elastic—plastic behavior of dilative sands.

Activity 4 — Conductivity Testing

Activity 4 included a series of flow-through fluid conductivity tests designed and
conducted to gain a better understanding of how flow is affected in propped fractures under
reservoir conditions with actual formation rocks. Tests included both customized and standard
methods. The standard conductivity tests were conducted by CARBO Ceramics in accordance
with American Petroleum Institute (API) Method API RP 61 “Recommended Practices for
Evaluating Short Term Proppant Pack Conductivity” and ISO 13503-5. The API and 1SO
methods require the use of a conductivity cell (shown in Figure 7) that dictates core be cut in
7-in. slabs with a thickness of % in.

Figure 5. 20/40 sand, resin-coated sand (RCS), and ceramic proppants prepared in vials with
fluids prior to exposure at elevated temperature and pressure.
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Figure 6. Forney compression machine with a digital displacement indicator and load cell (left),
which measures stress applied to the testing medium, and stainless steel consolidation ring
apparatus (right) utilized for proppant crush testing.

The standard conductivity tests were conducted using each of the three different rock types
(Middle Bakken, Lower Bakken, and Three Forks) and each of the three proppant types (Ottawa
sand, RCS, and ECONOPROP ceramic proppant). Each test was run at 6500 psi closure pressure
for 50 hours, followed by an increase to 8000 psi for 20 hours. The test conditions are
summarized in Table 1. A full description of the testing can be found in Appendix C.

Given the time-consuming nature and difficulty of producing such shapes from formation
cores, an alternative method was evaluated to utilize standard 1-in-diameter core plugs. The
technique included placing core plug samples into a Hoek cell while flowing crude oil through a
simulated fracture (Figures 8 and 9). This apparatus exposed rock samples to confining loads
similar to those found in the reservoir while maintaining pore pressure and hydraulic flow across
the sample. In particular, the experiment measured the pressure drop required to flow reservoir
fluid through a simulated fracture over increasing loading and time.



Figure 7. Disassembled Cooke conductivity cell based on API RP-61 (Palisch and others, 2007).

Table 1. CARBO Ceramics Test Conditions Used to Measure the Conductivity of the Three
Proppants Within the Middle Bakken, Lower Bakken, and Three Forks Rock Slabs

Parameter Testing Conditions
Proppant Loading 2 Ib/ft?
Applied Stress (net pressure) 6500 and 8000 psi
Fluid Type 2% wt% KCI
Temperature 200°F
Backpressure (fluid pressure) 500 psi
Time (hours) at 6500 psi net pressure 0, 5, 20, 30, 50
Time (hours) at 8000 psi net pressure 0,5, 20

Figure 8. Hoek cell apparatus for conductivity testing at reservoir conditions.



Figure 9. Testing apparatus schematic and sample description for conductivity testing method.

EXPERIMENTAL METHODS

A detailed description of the experimental methods is provided in Appendix A.

RESULTS AND DISCUSSION
Rock Hardness
Core for this project was obtained from the NDIC #16771 located in the Manitou Field of

Mountrail County. Two wells in proximity to this well had Brinell hardness data publically
available from the well files:

e NDIC #15986, Robinson Lake Field, Mountrail County, approximately 10 miles to the
southeast.

e NDIC #16083, Capa Field, Williams County, approximately 10 miles to the southwest.
Brinell hardness data are presented in Figure 10.

Brinell hardness for the Upper Bakken shale from the deeper well, NDIC #15986, tended
to be softer at the top of the formation (<20) and harder approaching the Middle Bakken. Middle
Bakken hardness ranged from 20 to 35. The more shallow well in Williams County provided
hardness of <20, with Middle Bakken averaging near 20 and Three Forks ranging from 5 to 30, a
significant variation.
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Figure 10. Brinell hardness data.
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Hardness testing for this activity included samples obtained from NDIC #16771. The
hardness results were higher in magnitude than the data provided from previous wells. However,
the hardness results relative to the formation types were similar in that the Lower Bakken shale
was soft, Middle Bakken samples were harder, and Three Forks samples were highly variable.
Middle Bakken hardness ranged from 40 to 110, Lower Bakken 30-60, and Three Forks 40-140.
The difference in magnitude between the well file data and the laboratory results is likely
attribable to the constrained nature of the sample and the orientation. Penetrations were
performed perpendicular to bedding planes, whereas the data from the well files were likely
generated from penetrations performed parallel with the bedding planes on unconfined whole
core. Bakken shale hardness results were generally half the hardness of the Middle Bakken
Formation, and the Three Forks Formation hardness varied significantly. The variation was
likely because of the interbedded green shales and sandstones within the Three Forks Formation.

Some samples of lower Bakken shale exhibited abnormally high hardness (80-120). The
high values were a result of pyrite inclusions, shown in Figure 11. Hardness values relative to
pyrite were not used in the analysis of the results.

As-received samples were tested to determine if a variation in hardness would be evident
from testing conducted on a dry rock surface versus a wet rock surface. These tests were
completed to determine if potential differences in hardness could be simply due to saturation of
the rock versus degradation from 30-day fluid exposure. The results are provided in Figures 12—
14. Little difference in the average hardness was observed from dry versus saturated rock. The
results were generated from eight indentations per sample on four Middle Bakken samples, four
Lower Bakken samples, and three Three Forks samples.

Figure 11. Pyrite vein and scattered pyrite throughout a Lower Bakken shale sample.
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Figure 12. Brinell hardness for dry and saturated Middle Bakken Formation samples.

Figure 13. Brinell hardness for dry and saturated Lower Bakken shale samples.
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Figure 14. Brinell hardness for dry and saturated Three Forks Formation samples.

Middle Bakken Formation, Lower Bakken shale, and Three Forks Formation samples after
30-day exposure to fluids at 250°F and 3000 psi were tested for Brinell hardness. The results are
compared to saturated samples that were not exposed to fluids in Figures 15-17. While there
appears to be a general decrease in the formation within the Middle and Lower Bakken,
following exposure to slickwater, crosslinked gel, and formation water, the only statistically
significant hardness reduction occurred with slickwater exposure. The variability of the Three
Forks Formation introduces data scatter and difficulty in making a statistically valid conclusion;
however, slickwater appeared to produce a notable decrease in rock strength for Three Forks
samples. In contrast, results from gelled diesel exposure notably produced average values that
were higher than the baseline average, although within limits of measurement variability.

The results of exposing the three rock formation samples to the various fluids and
respective hardness testing suggested that the slickwater formulation decreased the strength of
the formation face. The corresponding average decrease in Brinell hardness was as follows: 56%
for Middle Bakken, 34.1% for Lower Bakken, and 84.3% for Three Forks, suggesting that, on
average, the formation face could lose half of its original hardness after exposure to slickwater.
The slickwater formulation used in this experiment included:

e 0.75 gal/Mgal of friction reducer — polyacrylamide.

e 0.5 gal/Mgal of biocide — gluteraldahyde.
e 0.5 gal/Mgal of scale inhibitor — phosphonate.
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Figure 15. Brinell hardness for Middle Bakken Formation samples relative to fluids.

Figure 16. Brinell hardness for Lower Bakken shale samples relative to fluids.
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Figure 17. Brinell hardness for Three Forks Formation samples relative to fluids.

The cross-linked gel included 25.1 Ib/Mgal guar, 0.65 gal/Mgal borate cross-link, 1.5 gal/
Mgal biocide, and 1.5 gal/Mgal of scale inhibitor in the formulation. The gel did not include
friction reducer. Decreases in the strength of the formation face are important relative to long-
term conductivity. Spalling of the formation face in the presence of proppant can produce fines
that may contribute to reductions in conductivity. A softer formation face is also more likely to
result in proppant embedment.

Proppant Strength

A number of factors are used to measure the characteristics of proppants. Table 2 provides
some basic properties of the proppants used in this study. A typical measure of proppant strength
is APl RP-56, otherwise known as a crush test. The crush test is performed in a cell 2 in. in
diameter, 3.5 in. in length, and loaded with proppant at 4 Ib/ft>. Stress is increased at a rate of
2000 psi/min until the target stress is reached. The sample is then sieved, and any material
smaller than the bottom size (40 mesh for 20/40 proppant) is weighed and reported as % fines
generated. Inadequacies in using crush tests to evaluate proppants have been pointed out by
Palisch and others (2009). The primary inadequacy is the inability of crush data to be used as a
predictor for propped fracture conductivity. Crush data also provide the appearance that larger
particles have lower particle strength when, in fact, the opposite is true. Therefore, in order to
more precisely evaluate proppant strength, a method was devised based on Ferris (2000), in
which the elastic properties of the proppant pack are measured. The elastic properties were
measured by plotting the stress versus strain of a proppant pack in a cylinder that is 1 in. in
diameter and 0.4 in. deep, loaded at approximately 4 Ib/ft>. This loading density of 20/40
proppant includes eight to nine layers of proppant stacking. Although not representative of actual
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Table 2. Properties of VVarious Proppants

20/40 Ottawa ECONOPROP

Properties Sand RCS Ceramic
Roundness 0.7 0.8 0.9
Sphericity 0.7 0.8 0.9
Bulk Density, g/cm® 1.54 1.46 1.56

Ib/cf 96.1 96 96
Specific Gravity 2.64 2.43 2.67
Particle-Size Distribution, wt% retained

16 0 0.5 0

20 1.0 7.1 3.6

25 7.3 32.3 22.0

30 20.2 41.0 44.3

35 39.6 11.6 29.7

40 25.8 3.0 0.4

50 5.8 2.2 0.0
Pan 0.3 2.3 0.0
Mean Particle Diameter, mm 555 .681 .660
Solubility in HCI/HF 0.9 0.3 1.7
Crush, wt% fines generated 9.5 0.8 5.2

at 7000 psi

proppant loadings in the field of around 1 Ib/ft, the additional layers ensure the ability to capture
the elastic movement of the proppant pack, which can be measured before crush occurs. The
characteristics of proppant strain can be compared in both the elastic and plastic regions of the
stress—strain curve and provide a description of the mechanics of the proppant pack as an elastic
material.

The elastic properties of each of the three proppant types was also determined. Typically
used in most Bakken Formation wells, 20/40 tends to be one of the larger-diameter proppants. It
is highly desired to place larger 20/40 mesh proppant near the wellbore; therefore, 20/40 is
commonly pumped last during a particular fracture stage treatment.

Tests were completed to evaluate strength data for dry, as-received proppant versus
washed proppant. Washing of proppant was required to remove residues that remained from the
30-day fluid exposures. A test was required to determine how to compare the washed and
exposed proppant to the baseline proppant, which could be tested either dry or washed.

Previous work (Palisch and others, 2009) was conducted on wet versus dry proppants

(Figure 18). Although there was little variation in crush test results for proppant that was wetted
with water while in the test apparatus, twice as much proppant was crushed when wetted

17



Figure 18. Crush data at 6000 psi and 2 Ib/ft? for sand, lightweight ceramic (ELWC), and RCS
proppant, dry versus wet, modified from Palisch and others (2009).

separately and subsequently loaded into a test apparatus. The previous work served to justify an
investigation of elastic performance of proppants that were exposed to the washing fluids versus
as-received dry proppant.

The procedure for washing of proppant included washing with distilled water, decanting,
and submerging the sample in toluene for 30 seconds including agitation. After decanting a
second time, the procedure was repeated, switching out the toluene for a 10% HCI solution. The
final step included drying at 125°F.

The strength results for as-received versus washed proppants are provided for sand, RCS,
and ceramic in Figures 19-21. The data in these figures include proppant that was unwashed, dry
as-received proppant, and proppant that was washed with toluene and 10% HCI. A total of five
tests were performed with each sample. The data were used to calculate and plot three standard
deviations from the average. The average difference in the stress—strain relationship for as-
received (dry) versus washed proppant varies little for all proppant types.

The stress—strain relationship is compared for sand, RCS, and ceramic proppants in
Figure 22. The data include the results from the washed proppants. Ceramic proppant indicates a
high stiffness, with cleaving beginning to occur in the range of 9000-10,000 psi. Sand appears
less stiff than ceramic but more stiff than RCS at less than 7000 psi. Greater strain is associated
with the resin at less than 7000 psi than for noncoated sand; however, RCS exhibits good
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Figure 19. 20/40 Ottawa sand.

Figure 20. 20/40 resin-coated sand.
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Figure 21. 20/40 ceramic proppant.

Figure 22. Stress—strain relationship of sand, RCS, and ceramic proppants.
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resistance to strain at stresses above 7000 psi. No noticeable immediate failure is evident with
RCS as compared to ceramic proppant at stresses in the 9000-10,000-psi range. The relative
increase in stiffness at the end of the curve for sand at 9000 psi is likely due to a consolidation of
particles and accompanying reduction of porosity. An example of various stress—strain
relationships for elastic and brittle materials is provided in Figure 23.

Proppants including 20/40 sand, RCS, and ceramic were exposed to fluids for 30 days at
3000 psi and 250°F. The fluids included slickwater, cross-linked gel, gelled diesel, Bakken
Formation crude, and Bakken Formation water. Analysis for these fluids is provided in
Appendix B. Figures 24-26 provide the elastic—plastic behavior of the proppants which were
reacted with fluids compared to the average elastic—plastic behavior of the unreacted proppant
and the respective standard deviations. The data for the unreacted proppant include five tests of
washed proppant. The standard deviation is greater for the sand and RCS than for the ceramic;
however, this is largely because one of the five tests deviated from the other four. Reacted
proppant samples included enough material to run two elastic tests. The data in Figures 24-26
include the average of two tests.

Figure 23. Stress—strain relationship for elastic and brittle materials.
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Figure 24. 20/40 sand reacted proppant compared to unreacted proppant.

Figure 25. 20/40 RCS reacted proppant compared to unreacted proppant.
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Figure 26. 20/40 ceramic reacted proppant compared to unreacted proppant.

Sand proppants (Figure 24) did not appear to exhibit a significant change in elastic
behavior relative to the average baseline curve, with the exception of sand reacted in Bakken
Formation water. The brine concentration of formation water is above 250,000 mg/L. It is
suspected that the salts are reacting to compromise material stiffness in the elastic range, or salt
adhered to the surface is allowing more strain to occur at lower stress.

RCS proppant reacted in various fluids (Figure 25) appears to show a general reduction in
stiffness. Of the samples tested, none performed better than the mean unreacted performance.
The total variation among all reacted samples tested is also similar to that of the baseline
unreacted tests. Because of limited test quantity for each reacted sample, it is not evident how
significant RCS was affected by individual fluids. It is possible that being exposed to elevated
heat and pressure may have resulted in a significant degradation in the resin stiffness regardless
of the test fluid. More testing is required to isolate the individual contributions for the apparent
stiffness loss for RCS.

Fluids reacted with ceramic proppant (Figure 26) did not appear to compromise the
proppant performance. Collectively, for all proppants, greater strain was associated with
proppants exposed to formation water. These data are provided in Figure 27 where the relative
effects are provided. The greatest difference in strain from the baseline is evident for sand and
RCS proppants. Greater strain was associated with RCS as compared to sand. Ceramic and RCS
appear to produce greater strain rates at higher stress, whereas the apparent lack of strain in sand
at high loading following exposure to formation brine is more likely due to the sands being so
damaged at those loads that additional damage is insignificant.
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Figure 27. Comparison of proppants reacted with Bakken Formation water relative to proppants
that were not reacted with fluids.

Crush data were evaluated for the proppants at a stress loading of 11,600 psi. All proppant
tests included collection and sieving of the fines generated. The data are presented in Figure 28.
Evaluating crush data at a lower stress, which would be more typical of fracture closure
pressures in the Bakken Formation, was not possible because of the nature of the stress—strain
test program. The primary interest was generating a complete stress—strain relationship for the
proppant pack extending well into the plastic or failure zone of the material. Therefore,
interpretation is in respect to crush results at high stress load. Generally, exposure of proppant to
fluids appeared to result in a higher crushed percentage for RCS and ceramic proppants. There
was no increase in crushed sand particles after fluid exposure; however, this may again be a
result of the sand already being so highly damaged at baseline conditions that exposure to fluids
makes little difference. Ceramic proppants tended to experience higher crush relative to RCS.
However, it should be noted that there is no specific correlation between crush results and
conductivity since the failure mechanisms are different for the various proppant types.

Proppant Conductivity

The goal of hydraulic fracturing is to increase the well productivity by altering the flow
pattern in the formation near the wellbore from one that is radial to one that is linear, with flow
that converges into a conductive fracture intersecting the wellbore. The fracture must be more
conductive than the formation, and a granular propping agent is added to keep the walls of the
fracture apart. A successfully propped fracture will retain conductivity during production,
although mechanisms can be at work to degrade proppant or formation rock and allow fractures
to decrease in width or reduce fracture permeability.
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Figure 28. Crush results for various proppants exposed to Bakken Formation brine, Bakken
Formation crude oil, gelled diesel, cross-linked gel, and slickwater. The baseline samples
included washed proppant that was not exposed to any fluid.

Fracture conductivity can be affected by many factors (Palisch et al., 2007). High closure
stress can crush proppant, embed the proppant into the rock, and generate fines that reduce
permeability. Cycling of stress that occurs during well shut-in can also decrease conductivity
irreversibly. Larger-particle-size proppants will have higher conductivity; however, fracture
widths 2-3 times the largest grain diameter are recommended to allow proppant to enter the
fracture during pumping. Fracture width is harder to achieve in deeper wells. High proppant
concentrations will achieve greater conductivity. Other factors that affect conductivity include
proppant strength, grain shape, long-term stability, gel damage, and fines movement. In addition,
in actual fractures, non-Darcy and multiphase flow tremendously reduce the effective fracture
conductivity, but these factors are not considered in standard reference testing (Palisch et al.,
2007).

Fracture conductivity is calculated from Darcy’s equation. Fracture conductivity is the

product of the fracture permeability and the width according to Equation 1 (Gidley and others,
1989).

Where w = fracture opening (in.), L = length (ft), h = height (width across the cell, ft), u = viscosity
(cP), g =flow (cfs), and Ap = differential pressure across the length of the cell (atm).
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A standard fracture conductivity test is conducted in an API conductivity cell in which
flow and differential pressure are recorded to determine conductivity under a specified confining
load. Standard tests are normally conducted over 50 hours.

With the exception of non-Darcy and multiphase flow, likely one of the most significant
parameters affecting fracture conductivity is fracture closure pressure. Fracture closure pressure
is the pressure required to initiate a hydraulic fracture. The stress on the proppant is closure
pressure. Fracture closure pressures in the Bakken Formation can be on the order of 9500 psi
(Terracina and others, 2010) for basin-centered locations and lower in more shallow locations.
The EIm Coulee Field in Montana has been described by Wiley and others (2004) as having
fracture gradients of 0.69-0.75 psi/ft, initial pore pressures of 0.5 psi/ft, and bottomhole
temperature of 240°F at 10,000 ft. Given the high degree of reservoir pressure variability in the
Bakken, a low stress (6500 psi) and a high stress (8000 psi) were selected for conductivity
testing. While closure pressures may be greater than 8000 psi in some locations of the Bakken,
the proppant type used in those high-stress conditions would likely be ceramic. The stresses
selected for the conductivity testing encompass a broader range of conditions where various
proppant types are likely to be used.

The results of the standard conductivity testing showed that regardless of rock type, the
ceramic proppant exhibited the highest conductivity, followed by RCS, followed by Ottawa sand
(Table 3; Figure 29). These results are consistent with the strength tests conducted herein.
Interestingly enough, very little variance in conductivity was seen between the rock types,
despite the higher Brinell hardness numbers associated with the Middle Bakken and Three Forks
Formations when compared to the lower Bakken shale. Some variability is seen within the RCS
within the Three Forks Formation; however, it is unclear as to what caused this variability, and
no unusual conditions were reported during or following the test run for that sample
(Appendix C).

Table 4 shows the percent decrease in fracture width following the completion of each test.
On average, approximately a 5.3%, 2.8%, and 4.8% decrease in fracture width was observed
when using the Ottawa sand, RCS, and ceramic proppant, respectively. The lower percentage of
fracture width loss within the RCS may be indicative of more evenly dispersed loading, one of
the advertised advantages of RCS (Beckwith, 2011).

Table 3. Results of Conductivity Tests Using ISO Method 13503-5

Conductivity, mD-ft

Middle Bakken Lower Bakken Three Forks

Stress, psi @ Ottawa Ottawa Ottawa

Time, hours Sand RCS Ceramic Sand RCS Ceramic  Sand RCS Ceramic
6500 @ O 1241 1791 3656 1289 2232 4025 1060 2985 4043
6500 @ 5 1000 1543 3572 1014 1793 3772 920 2709 3861
6500 @ 20 847 1498 3503 944 1649 3714 763 2440 3708
6500 @ 30 802 1385 3336 925 1638 3680 749 2379 3652
6500 @ 50 798 1384 3304 887 1534 3623 726 2368 3641
8000 @ 0O 790 1341 2662 818 1487 2919 686 2287 2884
8000 @ 5 589 1240 2475 666 1384 2717 557 2113 2574
8000 @ 20 477 1117 2364 558 1244 2610 478 1881 2457
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Figure 29. Graphical results of the conductivity tests using 1ISO Method 13503-5 (MB = Middle
Bakken; LB = Lower Bakken; TF = Three Forks).

Table 4. Decrease in Fracture Width at the Completion of the Conductivity Testing

Proppant Type
ECONOPROP
Rock Type Ottawa Sand RCS Ceramic
Middle Bakken 0.0098/4.8% 0.0066/3.1% 0.0103/4.8%
Lower Bakken 0.0126/5.8% 0.0061/2.9% 0.0103/4.9%
Three Forks 0.0103/5.2% 0.0050/2.5% 0.0100/4.6%
Average 0.0109/5.3% 0.0059/2.8% 0.0102/4.8%

*Data indicate decrease in fracture width in inches, as well as the % decrease in overall fracture width.

After evaluating the conductivity results provided by CARBO Ceramics, the EERC
decided to evaluate the proppant embedment and/or spalling within the rock slabs used to
conduct the testing, since the results suggested that embedment may not be the driving factor in
the conductivity tests but, rather, proppant strength. A Nanovea optical profiler was used to
conduct detailed surface scans of each rock slab to conduct a qualitative comparison of the
degree of proppant embedment and/or formation spalling within each rock type. The results of
this work are discussed in the Embedment Evaluation section that follows.

Given the time-consuming nature and difficulty of producing rock slabs for use in the
standard conductivity tests, an alternative method to measure conductivity using 1-in.-diameter
rock plugs was evaluated. The experimental conditions and operating procedures for this work is
contained in Appendix C. The technique included placing core plug samples into a Hoek cell
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while flowing crude oil through a simulated fracture (Figures 21 and 22). This apparatus exposed
rock samples to confining loads similar to those found in the reservoir (up to 6500 psi net) while
maintaining pore pressure (1000 psi) and hydraulic flow across the sample. In particular, the
experiment measured the pressure drop required to flow reservoir fluid through a simulated
fracture over increasing loading and time.

The conductivity of each proppant type was evaluated using rock samples from the Middle
Bakken Formation, Lower Bakken shale, and Three Forks Formation. However, the results were
inconsistent and irreproducible using the 1-in. cell. Several issues were encountered with the
Hoek cell design for this application, including sealing problems and rupturing of the gasket
material at reservoir temperatures and pressures. Ultimately, the EERC determined that
significant changes in the design of the apparatus would be needed to better understand the
relationship between the customized apparatus and the standard method.

Embedment Evaluation

As previously mentioned, a Nanovea PS50 optical profiler was used to qualitatively
evaluate the proppant embedment within each of the rock slabs used for the standard
conductivity testing. The optical profiler measures the height of a surface by projecting a beam
of white light onto the target and measuring the wavelength of the reflected light returned to the
sensor. This allows for collection of high-resolution scans of the surface roughness of a sample.
In these tests, the resolution of the Y and X axes was set to 18 um, and the vertical resolution
was 5 nm. In all cases, the samples were scanned so that the Y axis was oriented in the direction
of flow in the conductivity cell. All of the profiler scans can be found in Appendix D. It should
be noted that not all of the slabs remained together after shipping, thus some of the fractures and
broken pieces are readily apparent in the scans.

Several interesting features were seen from the embedment scans. For example, in six out
of nine samples, the top rock slab of each set showed larger and deeper embedment craters than
the bottom slab, suggesting that sorting occurs either during proppant loading or during testing,
or that the top layer of proppant is not as fully packed as the bottom, causing high pressure and
greater embedment in the top layer. In two of the Three Forks samples, there was so little
embedment, it was difficult to determine if the slabs exhibited the same pattern. This difference
in embedment between the top and bottom rock slabs is shown in Figures 30 and 31, which
depict surface scans of the Lower Bakken rock slabs that were run with ECONOPROP ceramic
proppant. The surface scans clearly show deeper and wider embedment craters in the top slab,
shown in Figures 32-34.

Between the different rock types, the Lower Bakken displayed the highest degree of
embedment, followed by the Middle Bakken. The Three Forks slabs showed significantly less
embedment than the Bakken rocks. Few patterns were apparent between proppant types, except
that within the Lower and Middle Bakken, there appears to be a greater degree of ceramic
proppant embedment than with the other two proppant types. This is shown in Figures 32—35,
which depict cross sections across the top slabs of Lower Bakken rocks that were used in the
conductivity testing of each proppant type. This is likely a result of the high strength of the
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Figure 30. Cross sections taken from the top slab of the Lower Bakken rock that was run with
Ottawa sand proppant.

Figure 31. Cross sections taken from the top slab of the Lower Bakken rock that was run with
RCS proppant.
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Figure 32. Optical profiler image of the top Lower Bakken slab run with ECONOPROP ceramic
proppant. The areas marked as “NM” were beyond the 130-um range of the optical pen and,
therefore, were not measured.

ceramic proppants, which allows for a greater degree of embedment rather than proppant failure.
In both the Lower and Middle Bakken, there also appears to be a significant amount of formation
spalling.

While quantifying the degree of embedment and spalling within the rock slabs used for
conductivity testing was beyond the scope of this project, the software package used with the
Nanovea optical profiler has the capability of doing so. This information would be very useful in
determining factors such as how much embedment can account for the total amount of closure
performed during the conductivity testing. Using the Lower Bakken as an example, Table 5
shows the total loss in fracture width during the conductivity testing of each proppant type, as
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Figure 33. Cross sections taken from the top slab of the Lower Bakken rock run with
ECONOPROP ceramic proppant.

well as the estimated average depth of the embedment cratering in both the top and bottom slabs
of the equivalent samples. As would be expected, the percentage of fracture closer due to
embedment was much lower with the Ottawa sand than with the ceramic proppant. This is
because the sand fails at higher pressure and forms a more consolidated pack (with less porosity)
rather than embed into the formation face. On the other hand, the ceramic proppant is able to
withstand higher pressures without failure and maintain the integrity of the individual proppant
grains, resulting in a higher degree of stress being applied to each individual grain. This
translates to a greater degree of embedment. While the RCS embedment craters were not as deep
or pronounced as the ceramic proppant craters, there was not as much fracture width loss during
conductivity testing, thus embedment also accounted for about half the loss in width. It should be
noted that this example was for illustrative purposes only and these numbers are only a general
estimate. Ideally, the embedment data would be processed to determine a more accurate estimate
of the cratering depth and the volume of proppant embedment within each slab, as well as the
volume of spalling. This should be an avenue of future work.

Because very little is understood regarding the impacts of embedment and formation
spalling on conductivity loss in unconventional reservoirs, this approach would be an excellent
means of better understanding those factors. While this effort focused on a qualitative evaluation
of embedment to better understand the conductivity results, much more data can be gleaned from
this approach, including the quantification of the embedment and spalling using a variety of
statistical parameters commonly used to describe surface roughness.

31



Figure 34. Optical profiler image of the bottom Lower Bakken slab run with ECONOPROP
ceramic proppant. The areas marked as “NM” were beyond the 130-um range of the optical pen

and, therefore, were not measured.

Table 5. Total Loss in Fracture Width During Conductivity Testing

Ottawa Sand RCS Ceramic
Total Fracture Closure, um 320 155 262
Approximate Top Slab Embedment Depth, um 40 50 75
Approximate Bottom Slab Embedment Depth, um 15 25 50
Total Approximate Embedment Depth, um 55 75 125
Total Embedment as a Percentage of Fracture Closure 17% 48% 48%
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Figure 35. Cross sections taken from the bottom slab of the Lower Bakken rock run with
ECONOPROP ceramic proppant.

CONCLUSIONS

Laboratory testing was conducted to examine the mechanisms that may lead to a decrease
in propped fracture conductivity. Tests were completed to examine rock strength relative to fluid
exposure, and tests were conducted to examine proppant strength relative to fluid exposure. The
exposure studies help to isolate circumstances that may contribute to a decrease in material
strength over time. Conductivity tests were conducted utilizing different proppants, and actual
formation core utilized a range of proppants’ actual formation cores. The conductivity tests
measure propped fracture conductivity over time and provide relative performance of proppant
and formation rocks. Postmortem analysis enabled an evaluation of the mechanisms that may
contribute to reduced conductivity, such as spalling, embedment, or proppant crush.

Brinell hardness testing of formation core samples after exposure to fluids revealed that
slickwater, and cross-linked gel to a lesser extent, consistently decreased the hardness of the
formation face for Middle Bakken, Lower Bakken, and Three Forks samples. Slickwater
produced the greatest decrease in rock hardness and appeared to have less of an impact on the
shale than on the other formations (Middle Bakken and Three Forks). The Middle Bakken
samples appeared more susceptible to strength loss when exposed to fluids than the other
formations did. Rocks exposed to gelled diesel experienced very little change in rock hardness.

Proppants exposed to Bakken Formation water (brine) consistently experienced the

greatest increase in strain relative to proppants that were not exposed. The strength of RCS
appeared to be detrimentally affected by all fluids as compared to sand and ceramic. Fluids that
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had the greatest effect on RCS included cross-linked gel and formation oil and water. Crush test
results were consistent with elastic strength results for the various proppants and fluids, noting
that resin-coated products do not normally release a large quantity of crushed particles.

All types of proppants have been utilized in the Bakken Formation. While anecdotal
evidence suggests that sand is an effective proppant in some areas of the Bakken (Williston
Basin Petroleum Conference, May 2012), the results of this work demonstrated that the ceramic
proppant was relatively unreactive and exhibited superior strength characteristics than the other
proppant types following fluid exposures. RCS proppants are normally chosen to help prevent
proppant flowback. However, these experiments suggest that fluid reactions with resin change
the stress—strain relationship for RCS and that fluid considerations are important relative to the
chosen resin.

The examination of the hardness testing in concert with the proppant strength revealed that
consistency could be found relative to gelled diesel in that very little effect was evident after
exposure to formation rocks and proppants. No particular fluid produced a consistent degradation
of both core samples and proppant, although cross-linked gel did have a less pronounced
detrimental effect on RCS and rock strength.

The results of the conductivity testing demonstrated that at effective stress ranges from
6500 to 8000 psi, the ceramic proppant exhibited much higher conductivity than Ottawa sand (as
much as 5 times greater) and moderately higher conductivity than the RCS (as much as 2.3 times
greater). However, this was using a solution of 2 wt% KCI. Given that the fluid exposure tests
suggest that the strength of the RCS may be affected by reservoir and fracturing fluids, and that
slickwater and cross-linked gels have the potential to affect rock strength, advanced conductivity
testing using the various fluids would be more representative of actual reservoir conditions.
Given lab results to date, we anticipate that conductivity testing using fluids more reactive than
2% KCI would penalize the performance of RCS to a greater extent than sand or ceramic
proppants.

A Nanovea optical profiler was used to conduct a qualitative evaluation of embedment
within the rock slabs used for standard conductivity testing. The results showed that among the
different rock types, the Lower Bakken displayed the highest degree of embedment and spalling,
followed by the Middle Bakken. The Three Forks slabs showed significantly less embedment
than the Bakken rocks. Few patterns were apparent between proppant types, except that within
the Lower and Middle Bakken, there appears to be a greater degree of ceramic proppant
embedment than with the other two proppant types. This is likely because of the higher strength
of the ceramic proppant. While the degree of embedment and spalling would need to be fully
quantified, a semiquantitative example using the Lower Bakken suggests that as much as 50% of
the fracture width loss with RCS and ceramic proppants may be due to embedment. The
estimated width loss from Ottawa sand embedment was less than 20%. In general, within the
Bakken rock samples, the top slab of each pair showed deeper and wider embedment craters than
in the bottom slab. This likely indicates some sort of particle sorting either during loading of the
conductivity apparatus or during testing or an incomplete top layer of proppant in contact with
the formation face, resulting in a higher degree of stress on each proppant particle. If that uneven
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distribution is not representative of field conditions, it suggests the need for an improved method
of loading the conductivity apparatus.

Overall, the results of this study indicated that fluid exposure may affect both rock and
proppant strength and needs to be considered in the field. In addition, conductivity decreases
within the Lower and Middle Bakken appear to be a function of a variety of factors, including
proppant and rock strength as well as formation embedment and spalling. Formation embedment
and spalling appear to be less significant within the Three Forks Formation. Ultimately, the
results of this study highlight the need for conductivity testing using actual formation and/or
fracturing fluids, coupled with quantification of formation embedment and spalling. Given the
importance of proppant performance on conductivity loss and, ultimately, oil recovery, a better
understanding the effects of these various factors on proppant and rock strength in the field is
vital for more efficient production within unconventional oil and gas reservoirs.
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EXPERIMENTAL METHODS

BRINELL HARDNESS ROCK STRENGTH

Preexposure Sample Preparation

Middle Bakken Formation, Lower Bakken shale, and Three Forks Formation core was cut
into rectangular cubes for performing rock strength testing with of a Brinell hardness tester.
These samples were cut using a waterjet to attain the proper geometry without destroying the
core (Figure A-1). Samples were prepared as follows:

e The loading surfaces of the samples were sanded flat; up to 400-grit sandpaper was used
to provide a smooth surface for indentation and measurement.

e Samples were placed into jars and filled with the designated hydraulic fracturing fluids.
Postexposure Sample Preparation

After the samples were removed from the reactor, they were lightly wiped with a towel to
remove surface moisture. Samples were prepared as follows:

e Upon receipt of exposed samples, the loading surfaces were very gently passed over
with 400-grit sand paper to knock off any debris before testing.

Figure A-1. Sample geometry for rock strength testing with of a Brinell hardness tester.
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e The samples were then epoxied into steel frames. RenCast 6444 was used to
permanently mount each sample in the frame (Figure A-2).

e The epoxy was allowed to set for 36-48 hours before testing to ensure it was fully
hardened.

Brinell Hardness Testing Procedure

Brinell hardness test procedures for rock core samples were developed based on “Draft
ISRM Suggested Method for Determination of Indentation Hardness of Rock Materials” and
modified slightly during experimental testing to reduce instances of complete material failure as
a result of the limited sample size and the extremely brittle nature of the material being tested.
The International Society for Rock Mechanics (ISRM) method suggests the following
parameters:

e Load rates between 0.05 and 0.15 kN/s (5.1 and 15.3 kgf/s).

e Load is applied until a 1-mm crater depth is reached or until 20 kN (2039.4 kgf)
maximum load is reached.

e Indenter consists of a 10-mm-diameter spherical tip that transitions into a 60 degree
cone made of tungsten carbide or hardened steel.

Figure A-2. Rock sample (posttesting) epoxied in a steel ring to assist in sample competency
without giving it any drastic increase in strength.
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e The preferred sample is a disk cut from rock core with a height-to-diameter ratio of 1:2.
— Block samples with a width of 50 mm or larger.

e Samples should be cemented in a steel frame using high-strength plaster, epoxy resin, or
sulfur.

e Indentations must be performed at least 10 mm from other indentations and the edge of
the sample.

e Spherical indentation tips can range in size from 1 to 10 mm.
e Standard sizes include 2.5, 5, and 10 mm.

e A standard test consists of applying a 3000-kg load with a dwell time of 15 seconds,
during which the load is maintained, and uses a 10-mm indentation tip.

e Current standards specify that the indentation tip be made of tungsten carbide.
Hardened steel is no longer recommended.

e The recorded load and the indentation tip diameter are to be displayed with the
calculated hardness.
— Example: BHN 150 (10/3,000), where:
» 150 = Brinell hardness
> 10 = indentation tip diameter
» 3000 =applied load

Developed Test Procedure

Brinell hardness is currently more widely used and accepted than the draft ISRM method.
Samples were roughly 50% smaller than that recommended by the ISRM standard for
indentation of rock core and were primarily shale samples that were expected to be extremely
delicate. A 5-mm-diameter indentation tip was used, as opposed to the
10-mm tip suggested by the ISRM standard. Reducing the indentation tip to 5 mm was
determined to be appropriate because of the small grain size and the tight nature of the rock
to be tested. The smaller tip allowed the use of significantly reduced loading requirements for
creating a measureable indentation. This was a requirement to help prevent catastrophic
failure of the samples during testing because of their small size. Using the smaller tip also
allowed more indentations per sample in an effort to obtain multiple measurements of good
quality.

Pierre shale was used to verify load application methods. Testing of Pierre shale revealed that
a maximum of a 350-kg load could be applied, and the indentation depth would be limited to
0.4 mm. Loading was maintained for 15 seconds when either of these limits were reached.
Indentations in excess of a 0.5-mm depth caused sporadic material failure in Pierre shale
samples. Indentations with a depth of 0.4 mm were measured with optical methods. During
the course of testing Bakken shale samples, it was determined that excessive cracking and
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breakage were occurring in some samples, prompting reduction of both the maximum load
applied and maximum indentation depth to 200 kg and 0.325 mm, respectively.

EXAMINATION OF PROPPANT PACK MECHANICAL PROPERTIES

Five samples of each type of proppant were weighed and loaded into vials. Appropiate
hydraulic fracturing fluids were added. Vials were loaded into pressure reactors, and a vial of
distilled water was included as a ballast to limit vaporization.

Postexposure Sample Preparation

The following is the washing method used for removal of the proppant from the vials after
reaction at 3000 psi and 250°F; each sample:

e \Was washed out of its respective vial using distilled water.

Decanted.

Submerged in toluene, agitated for 15 seconds, and let sit for 30 seconds.

Decanted; if not clear, the toluene wash step was repeated.

Submerged in 10% HCI solution, agitated for 15 seconds, and let sit for 30 seconds.

Decanted; if still not clear, the HCI wash step was repeated (note: only the cross-linked
gel sample required this extra step).

Washed with distilled water and placed into labeled weigh trays.
Decanted of any excess fluids.

Was placed into the vented hood oven at a low setting (~125°F).

Preexposure and Postexposure Strength Testing and Sieve Analysis

Sieve analysis, grain-size distribution, and elastic test procedure:

After being removed from the reactor vessel, samples were cleaned and dried.

Each sample was sieved with a sonic sifter sieve for 10 minutes using the pulse/shift
setting.

The mass of each size component of the proppant was recorded, and the sample was
carefully mixed back together in a sealed glass jar.
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The sample was carefully poured from the jar and loaded into the crush apparatus until
a 25.4-mm-diameter by 10-mm-deep proppant bed was attained. The proppant depth
measurement accuracy was = 0.05 mm.

The assembly was then placed into the load frame and loaded at a rate of 4 um/s. The
load rate was maintained by closed-loop computer control until a load of 11,675 psi was
reached.

The load was then slowly retracted.

The crushed sample was removed from the apparatus for final sieve analysis.

Any leftover sample that was not crushed was saved and also sieved.
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FORMATION FLUID ANALYSIS

FRACTURE FLUID COMPOSITIONS

Cross-Linked Gel (for 1 liter of water)

Guar 3 g (stir vigorously to dissolve)
Borate cross-linker solution 0.65 mL (stir vigorously to dissolve)
NaOH solution add dropwise to adjust pH to 10.5-11

Biocide (glutaraldehyde) solution 1.5 mL (stir vigorously)
Scale inhibitor phosphate 1.5 g (stir vigorously)

Slickwater (for 1 liter of water)

Polyacrylamide 0.76 g (stir vigorously to dissolve)
Biocide 1.5 mL (stir vigorously to dissolve)
No scale inhibitor added according to instructions

Gelled Diesel (for 1 liter of No. 2 diesel fuel)
Dioctyl phosphate 10 g (stir vigorously to dissolve)
Sodium aluminate 4 g (stir vigorously to dissolve)

No scale inhibitor or biocide needed
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ASTRO-CHEM LAB, INC.

4102 2nd Ave. West Williston, North Dakota 58802-0972 Phone: (701) 572-7355
P.O. Box 972

WATER_ANALYSIS REPORT

SAMPLE NUMBER W=11=-4705 DATE OF ANALYSIS g9-22-11
COMPANY EERC

CITY Grand Forks STATE ND
WELL NAME AND/OR_NUMBER Phoenix 1-18H (Slawson) 4

DATE_RECEIVED 9-7-11 DST_NUMBER

SAMPLE SOURCE

LOCAT 1ON OF _SEC. TWN,_ RANGE COUNTY
FORMATION Bakken DERFTH

DISTRIBUTION Darven Schmidt

RESISTIVITY @& 77°F =  0.045 Ohn-Meters pH =  5.59
SPECIFIC BRAVITY @ 77°F = 1.170 HeS = Negative

TOTAL DISSOLVED SOLIDS (CALCULATED) = 269232 mg/L (230114 ppm)
SODIUM CHLORIDE (CALCULATED) =  &76124 mo/L (236004 ppm)

CATION MEQ/L mg /L ANION MEQ/L mg /L
CALCTUM 560, 0 11110 CHLORIDE 4723, 2 167452
MAGNES TLM 120, 0 1333 CARBONATE 0.0 o
80D UM 3787.7 BS700 BICARBONATE 3.0 183
IRON 1.6 30,0 SULFATE 8.7 416
CHROMIUM 0.0 O 4 NITRATE 0.0 0
BARIUM 0.1 8.7
FOTASSIUM 76.7 3000

WATER _ANALYSIS PATTERN
Na,K 1000.0 4 ., § 1000.0 C1
Ca 100.0 & / : , 3 1.0 HCOa
Mg 10.0 12 i : o~ y 1.0 S0a
Fe 0.1 16 / — 0 0.1 COa

ME&;L

REMARKE Sampled 2-6-11



ASTRO-CHEM LAB, INC.

4102 2nd Ave. West Willision, North Dakota 58802-0972 Phone: (701) 572-7355
P.O. Box 972

OIL ANALYSIS REPORT

SAMPLE NUMBER O-11-470& DATE OF ANALYSIS 8-20-11

COMPANY EERC

CITY Grand Forks STATE ND

WELL NAME  Phoenix 1-18H (Slawson)

DATE RECEIVED 9-7-11 DST NUMBER
SAMPLE SOURCE

FORMATION Bakken DERTH

LOCATION SECTION TOWNSHIE RANGE

DISTRIBUTION Darren Schmidt

Specific Gravity i O.8142 at 60/60 °F
ARPT Gravity r 42,3 at 60 °F

Salt Content H 1bs/1000 bbls
Pour Foint : (=40 9F

Viscosity : 2,28 Hinematic cSt at 100 °F

3%.6 Saybolt Universal Seconds at 100 °F
Total Sulfur : 0,17 % by Weight
BE&W : 0.1 # in Bross Sample

0.1 % in Bample as Analyzed
Faraffin : 1.24 % by Weight

REMARKS Sampled 9-&£-11

Notice how the sand-based proppant in Figure 28 is exhibits elastic behavior at stresses less than
7000 psi and begins to exhibit more plastic behavior above 7000 psi. It is at this point in which
the sand appears to begin to crush. The failure sand can be described as similar to glass in which
numerous small shards and particles are produced. The resin-coated sand exhibits a linear
behavior throughout the majority of the stress—strain relationship. Above 7000 psi, it is
anticipated that the resin is preventing increased strain by encapsulating the particles produced
from grain failure. The ceramic proppant exhibits a linear behavior much like the RCS; however,
some increase in strain is evident above 9000 psi. Ceramic proppants behave similar to brick
during failure in which they cleave into fewer larger pieces. There is less strain associated with

this type of failure as compared to the fracturing of sand which produces a greater number of
smaller particles.
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LAB REPORT

For: Darren Schmidt, University of North Dakota Date:
April 22, 2012

From: Tom Palamara

Electronic Copy To: Bob Duenckel

Technical Summary

Subject
Long Term Comparison of various proppant utilizing Bakken shale cores and Ohio

sandstone cores.

Purpose

Long term conductivity testing was completed on Ottawa sand 20/40, Slawson Resin
Coated sand 20/40, and CARBOECONOPROP20/40 in Middle Bakken shale cores,
Lower Bakken shale cores, and Three Forks shale cores. CARBOECONOPROP20/40
was also evaluated in each of three tests utilizing Ohio sandstone cores. The shale cores
were supplied to CARBO Ceramics Inc by The University of North Dakota Energy and
Environmental Research Center.

Procedures
ISO 13503-5 Procedures for measuring the long-term conductivity of proppants were
utilized.

Conditions

Bakken shale cores and Ohio sandstone cores

6500 psi net closure stress for 0, 5, 20, 30, and 50 hours
8000 psi net closure stress for 0, 5, and 20 hours

500 psi backpressure

2.0 Ib/ft? loading

2 wt% KCI solution

200° Fahrenheit



List of Tables and Figures

Table 1: Long Term Test Conditions and Product Properties
Table 2: Long Term Conductivity Test Results

Figure 1: Long Term Conductivity Results

Figure 2: Long Term Permeability Results

Figure 3: Long Term Fracture Width Results

Results and Discussion

Long term conductivity testing was completed on Ottawa sand 20/40, Slawson
RCS 20/40, and CARBOECONOPROP20/40 utilizing Middle Bakken shale cores,
Lower Bakken shale cores, Three Forks shale cores and Ohio sandstone cores.

All of the shale cores were supplied to CARBO Ceramics Inc by The University
of North Dakota Energy and Environment Research Center, EERC. EERC also
supplied the samples of Ottawa sand 20/40 and Slawson RCS 20/40. These samples
were tested as received. CARBO Ceramics provided the CARBOECONOPROP20/40.

The Middle Bakken shale cores were supplied as whole pieces while the Lower
Bakken and Three Forks were % cores, approximately 3.5” in length each. The Ohio
sandstone cores were whole cores.

For all of the shale cores, the cores were glued to a stainless steel shim to
facilitate loading the cores without breaking the fragile shale cores. In some cases, the
cores as supplied were broken. Loctite Super Glue was utilized. Prior to gluing the
shale cores to the shims, the broken areas, or seamed areas were coated with Loctite 2
part Weld Bonding adhesive. After gluing and drying, the core surfaces were machined
to yield a core within the end to end thickness difference of +/-0.003”.

The long term run numbers, sample identifications, product properties, and testing
conditions are shown in Table 1. Three long term tests were completed: CCLT1-1206
with three cells of Middle Bakken cores, CCLT1-1207 with three cells of Lower
Bakken shale cores, and CCLT1-1208 with three cells of Three Forks shale cores. A
fourth cell in each test was also included utilizing Ohio sandstone cores. In each of the
tests, Ottawa sand 20/40 was always in cell 1, Slawson RCS 20/40 in cell 2,
CARBOECONOPROP20/40 with shale cores in cell 3, and
CARBOECONOPROP20/40 with Ohio sandstone cores in cell 4. Note the Slawson
RCS 20/40 sieve distribution with 2.3wt% of the material in the pan. As noted earlier,
the product was tested as received.

The conductivity performance results for each of the tests are shown in Table 2.

Figure 1 shows the conductivity performance results for all of the tests. The
Ottawa 20/40 sand shows the lowest performance for each of the products tested. The
Ottawa sand 20/40 performance in Lower Bakken cores provided the highest results for
this sand.

Also in Figure 1, the performance for Slawson RCS 20/40 is shown to be greater
than that of Ottawa 20/40 sand however less than that of CARBOECONOPROP20/40
in all shale cores testing and Ohio sandstone. The spread of the data for Slawson RCS
20/40, specifically the data for Three Forks shale, seems abnormally high relative to
Middle and Lower Bakken shale data. It is not fully clear in post test observation what
may have happened in the cell interior to cause this increased performance — ie lower
dP for equivalent product and proppant concentration.



The performance data for CARBOECONOPROP20/40 is superior to both Ottawa
20/40 sand and Slawson RCS 20/40. The data for Middle Bakken shale cores is the
lowest of the set with five remaining tests showing similar performance. The data for
Slawson RCS 20/40 is also the lowest for Middle Bakken shale cores possibility
indicating the cores is responsible for some of the observed conductivity differences.

The permeability performance results for all of the tests are shown in Figure 2
with the Fracture Width measurement data shown in Figure 3. The fracture width
comparisons are difficult to see significant trend difference for any of the materials of
effects of the various cores. All of the products have very similar bulk densities so
measured widths should be similar for equivalent concentration.

The post test cores and materials form these tests have been returned EERC.

Conclusions

e CARBOECONOPROP20/40 is superior in performance to Ottawa 20/40 sand
and Slawson RCS 20/40 in both Bakken shale cores and Ohio sandstone cores.

e Slawson RCS 20/40 is superior in performance to Ottawa 20/40 sand in both
Bakken shale cores and Ohio sandstone cores.

e The Slawson RCS 20/40 material was received out of ISO specifications with
>1.0wt% material in the sieve test pan.

e CARBO Ceramics Luoyang long term laboratory successfully completed
multiple tests with 9 pairs of various Bakken shale cores as supplied by EERC.



Table 1



Table 2



Figure 1. Long term conductivity results.



Figure 2. Long term permeability results.



Figure 3. Long term fracture width results.



EERC CONDUCTIVITY TESTING PROCEDURE USING THE HOEK CELL

e  One-half plug, stainless steel shim, and “-inch proppant pack were loaded into a Hoek cell
membrane.

e The cell was pressurized with a confining load of 200 psi with water while the inside was
pressurized to 100 psi with Bakken crude oil.

e The cell outlet was vented to remove air from the system. Oil flowed through the system
until air no longer came out.

e The confining load was brought to 1500 psi, and pore pressure was brought to 1000 psi.

e A constant flow rate of 0.2 mL/min was imparted on the sample, with back pressure set to
maintain 1000 psi. Pressures were logged at a logarithmically increasing time pattern (0.1,
0.25, 0.5, 1, 2, 4, 8, 16, 32, 64, 100 minutes). If near-constant pressure was observed over
the test duration, then the test proceeded; otherwise, time was increased.

e The confining load was increased to 3500 psi. Repeat schedule.

e The confining load was increased to 7000 psi. Repeat schedule.

e The sample was removed from cell, sample surface impact was analyzed, and proppant and
rock samples were retained for analysis.
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APPENDIX D1

LOWER BAKKEN OTTAWA SAND TOP SLAB
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APPENDIX D14

THREE FORKS OTTAWA SAND BOTTOM SLAB
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APPENDIX D15

THREE FORKS RESIN-COATED SAND TOP SLAB
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THREE FORKS CERAMIC TOP SLAB
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